Background The phosphodiesterase-5 inhibitor sildenafil has been shown to attenuate delayed cerebral ischemia (DCI) and improve neurologic function in experimental subarachnoid hemorrhage (SAH). We recently demonstrated that it could improve cerebral vasospasm (CVS) in humans after SAH. However, successful therapies for DCI must also restore cerebral blood flow (CBF) and/or autoregulatory capacity. In this study, we tested the effects of sildenafil on CBF in SAH patients at-risk for DCI. Methods Six subjects with angiographically confirmed CVS received 30-mg of intravenous sildenafil (mean 9 ± 2 days after aneurysmal SAH). Each underwent 15 O-PET imaging to measure global and regional CBF at baseline and post-sildenafil. Results Mean arterial pressure declined by 10 mm Hg on average post-sildenafil (8 %, p = 0.01), while ICP was unchanged. There was no change in global CBF (mean 34.5 ± 7 ml/100g/min at baseline vs. 33.9 ± 8.0 ml/100g/ min post-sildenafil, p = 0.84). The proportion of brain regions with low CBF (<25 ml/100g/min) was also unchanged after sildenafil infusion. Conclusions Infusion of sildenafil does not lead to a change in global or regional perfusion despite a significant reduction in cerebral perfusion pressure. While this could reflect the ineffectiveness of sildenafil-induced proximal vasodilatation to alter brain perfusion, it also suggests that cerebral autoregulatory function was preserved in this group. Future studies should assess whether sildenafil can restore or enhance autoregulation after SAH.
Introduction
Delayed cerebral ischemia (DCI) following aneurysmal subarachnoid hemorrhage (SAH) is a multifactorial process linked to reductions in cerebral blood flow (CBF). DCI has been related to the development of cerebral vasospasm (CVS), cerebrovascular autoregulatory dysfunction, and cortical spreading ischemia [1] . Numerous studies in SAH have focused on CVS prevention and treatment, with the goal of improving CBF and preventing cerebral infarction. While several interventions have shown success in decreasing CVS, few have proven beneficial in improving clinical outcomes [2] . From this, it has become evident that therapies must not only target proximal CVS, but other mechanisms involved in DCI. Assessing the ability of promising interventions to improve or maintain CBF may provide a better mechanistic surrogate marker of downstream efficacy for DCI.
Phosphodiesterase-V (PDE-V), the regulatory enzyme of the endothelial nitric oxide synthase ? nitric oxide ? cyclic guanosine monophosphate pathway, has been identified as a potential target, as its dysfunction has been linked to DCI [3, 4] . Sildenafil, a PDE-V inhibitor, has been shown in preclinical SAH models to not only attenuate CVS but also reduce neuronal cell death, and improve neurological outcomes [5] [6] [7] . We recently published evidence that sildenafil can ameliorate angiographic CVS after SAH in humans [8] . In this exploratory proof-ofprinciple study, we tested the acute effects of sildenafil on CBF in SAH patients at-risk for DCI.
Methods
We enrolled patients with aneurysmal SAH and CVS, diagnosed on digital-subtraction angiography (DSA). On the day following DSA (when subjects received sildenafil as previously described) [8] , patients underwent PET imaging. Two PET measurements of CBF (using injection of H 2 15 O, as described in detail elsewhere [9] ) were made to obtain stable baseline followed by infusion of 30-mg of sildenafil over 30-min. Physiologic parameters including mean arterial pressure (MAP) and intracranial pressure (ICP) were monitored throughout. Vasopressor doses (for subjects with DCI) were not titrated between PET studies. PET measurement of CBF was repeated 15-min after infusion to allow physiologic status to stabilize as much as possible (given the acute drop in MAP expected based on experience from our angiographic study).
PET images were processed to obtain global and regional CBF (gCBF and rCBF) using standard algorithms, including co-registration and alignment to reference brain atlas [10] . Baseline gCBF was calculated as the average of the two pre-sildenafil measurements and this was compared to post-sildenafil CBF. Regions-of-interest were placed in 36 predetermined locations covering the vascular territories (3 in each ACA and PCA, 6 in each MCA, 4 in vascular borderzones and 1 in each cerebellar hemisphere). rCBF was then calculated within each region. Hypoperfusion was defined as rCBF < 25 ml/100g/min. The number of regions with hypoperfusion was then compared between baseline and post-sildenafil. We also compared the proportion of brain volume with hypoperfusion by segmenting the PET images (excluding sulci, ventricles and regions of infarction or hemorrhage) into pixel-wise measurements and combining all pixels into CBF bins of width 5 ml/ 100g/min. The proportion of brain pixels with hypoperfusion was calculated at both time points and compared. All comparisons were made using the Wilcoxon signed-ranks test due to the non-normal nature of the small dataset. We also used the variance in our data to estimate the power afforded at alpha of 0.05 to detect a 10 % change in CBF.
Results
Six patients were studied on average 9 ± 2 days after SAH. Clinical characteristics are shown in Table 1 . All were confirmed to have CVS prior to PET studies; two had clinical DCI and were being treated with pressors for induced hypertension. MAP declined from 134 ± 17 at baseline to 125 ± 14 post-sildenafil (mean change 8 %, p = 0.01). ICP, temperature, and PaCO2 were unchanged.
Mean gCBF was 34.5 ± 7 ml/100g/min at baseline and did not change post-sildenafil (CBF 33.9 ± 8.0 ml/100g/ min, p = 0.84) (Fig. 1) . Using patient data, we determined that this study was sensitive to detect or rule-out a 10 % change in CBF with a power of 91 % (at alpha of 0.05). We also noted an unexpected negative correlation between change in MAP and change in CBF with sildenafil (r = -0.89, p = 0.02) as shown in Fig. 2 . That is, those subjects with a greater fall in blood pressure actually had the most stable or even improved CBF while those with lower CBF had stable not lower MAP after infusion. The number of brain regions with low rCBF was a median of 3.5 (out of 36 per patient), both before and after sildenafil. The proportion of brain volume with hypoperfusion was 22 ± 9 % at Delayed cerebral ischemia 2 (33 %) Fig. 1 The global CBF at baseline and post-sildenafil for each patient as well as the average for all patients baseline and 26 ± 14 % post-sildenafil; mean difference of -4 ± 5 %, (p = 0.44) (Fig. 3) .
Discussion
Sildenafil has shown promise as a treatment for DCI in SAH-animal models, and more recently, we demonstrated sildenafil's ability to acutely improve CVS in SAH patients [7, 8] . In this study, we analyzed the effects of intravenous sildenafil on CBF and found that despite inducing a significant acute reduction in MAP, global and regional CBF remained unchanged. In fact, those with a greater fall in MAP still had stable CBF. One interpretation for this neutral finding is that the degree of sildenafil-induced vasodilatation at the level of intracranial arteries (as seen in our prior angiographic study) does not translate into improved downstream perfusion, reflecting a discordance between ameliorating proximal CVS and reversing tissue hypoperfusion [11] . This could also represent the lack of effect of sildenafil on smaller parenchymal vessels that play an important role in regulating tissue perfusion or the need for a higher-dose of sildenafil to induce greater arteriolar vasodilatation. However, a second plausible complementary hypothesis is that sildenafil may concurrently be improving dysfunctional cerebral autoregulation after SAH. Such dysfunction has been reported after SAH, especially in association with CVS [12] , and may make the brain more susceptible to reductions in CBF and developing ischemia when CPP is reduced, as has been demonstrated with hypotension after nimodipine administration [13] . The stability of CBF seen in those with larger fall in MAP may indicate a strong vasodilatory response to lower CPP in these subjects (i.e., cerebrovascular autoregulation). Sildenafil has been shown to improve cerebrovascular reactivity in neurologically healthy patients [14, 15] . While this study provides only speculative evidence that a similar mechanism may be responsible for the stable CBF we observed after sildenafil, it points to the importance of further evaluating the role of autoregulation (and not solely vasodilator capacity) in studies evaluating therapies for CVS and DCI.
In summary, the findings of this preliminary study are encouraging from a safety and mechanistic perspective. We have demonstrated that sildenafil does not result in CBF being adversely affected in the setting of reduced MAP and CPP. We also suggest that sildenafil's potential effectiveness for DCI may be driven not primarily by augmentation of blood flow but by enhancement of cerebrovascular reactivity. This study provides a basis for the design of future trials assessing sildenafil's impact on autoregulatory dysfunction following SAH. 
